Introduction
Several genes whose expression is transiently increased in response to a variety of extracellular stimuli are known to encode transcriptional factors. Prototype members of such immediate early genes include c-fos, c-jun and c-myc (Greenberg and Zi, 1983; Ryder et al., 1988; Kelly et al., 1983) . In liver tissue, more than 70 immediate early genes are rapidly induced following 2/3 hepatectomy (PH) (Haber et al., 1993) . Enhanced expression of immediate early genes, together with activation of pre-existing latent transcription factors, such as AP-1, NF-kB and STAT3, is generally considered to be part of an obligatory set of events needed for the priming step of hepatocytes, namely the G 0 -G 1 transition (Cressman et al., 1994; FitzGerald et al., 1995) . Recently, however, the notion that activation of the transcription factors AP-1 and NFkB and increased expression of immediate early genes are necessary events in the G 0 -G 1 transition has been questioned by the ®nding that rat liver cell proliferation induced by agents that do not cause previous hepatic cellular loss/death (primary mitogens) may well occur in the absence of any signi®cant change in c-fos, c-jun and c-myc expression (Coni et al., 1990 (Coni et al., , 1993 . Moreover, a single treatment with two peroxisome proliferators, BR931 and Nafenopin (NAF), causes hepatocyte proliferation in the absence of increased expression of other immediate early genes, such as egr-1 and LRF-1 (Ohmura et al., 1996a) , and activation of the transcription factors NF-kB and AP-1 (Menegazzi et al., 1996) . These ®ndings suggest that proliferative processes of dierent nature, namely compensatory regeneration and direct hyperplasia, may be triggered by dierent mechanisms. In order to further investigate the role of immediate early genes in liver cell proliferation, we have surveyed changes in the levels of c-fos, c-jun, LRF-1, c-myc, IGFBP-1 and PRL-1 transcripts during (i) compensatory regeneration occurring after a necrogenic dose of carbon tetrachloride (CCl 4 ) and (ii) direct hyperplasia induced by the primary mitogen 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), a strong non-genotoxic tumour promoter and complete carcinogen for mouse liver (Dragani et al., 1985; Diwan et al., 1992) . The results in this report show that, similarly to liver regeneration after PH, CCl 4 -induced-liver regeneration, is associated, as expected, with a rapid increase in mRNA of the immediate early genes c-fos, c-jun, LRF-1, c-myc, PRL-1 and IGFBP-1, while no change in c-fos, c-jun and LRF-1 transcripts could be detected during direct hyperplasia induced by TCPOBOP. A dierent liver mitogen we tested, ethylene dibromide (EDB), also failed to induce c-fos expression, although it did induce a rapid and transient increase in c-jun and LRF-1 transcripts. The possibility of dierent pathways leading to hepatocyte proliferation, depending on the nature of the proliferative stimuli, is also supported by dierent kinetics of the process. Indeed, our present ®ndings show that the onset of DNA synthesis is anticipated following treatment with primary mitogens.
Results and Discussion

Histology
Examination of mouse liver one day after administration of a single dose of CCl 4 revealed the presence of fatty liver and extensive necrosis, especially around zone III of the liver acinus. In agreement with previous data (Gariboldi et al., 1995) , compensatory regeneration of the liver was observed starting from day 2, with an increased mitotic activity, particularly at the periphery of necrotic areas (data not shown). Mitotic activity was still evident 3 and 4 days after treatment. TCPOBOP treatment resulted in a 100% increase in DNA content within 1 week associated with enhanced mitotic activity of hepatocytes. No cell death was observed, in accordance with previous reports showing that the proliferative activity induced by TCPOBOP is not compensatory to previous cell loss, but is rather due to a direct eect on liver cells (Manenti et al., 1987) . Mitotic activity of hepatocytes was also monitored following treatment with EDB. Indeed, this latter compound, similarly to the situation in rat liver, induced hepatocyte proliferation, although to a lesser degree than TCPOBOP .
Expression of c-fos, c-jun and LRF-1 Liver regeneration after CCl 4 Expression of several immediate early genes has been shown to be a sequential and regulated process during liver regeneration after 2/3 PH in rats and mice (Goyette et al., 1984; Makino et al., 1984; Morello et al., 1990) . The increased expression of members of the Jun and Fos family of transcription factors soon after PH has led to the notion that they have a role in activating transcription of delayed-early genes that are expressed (Scearce et al., 1996) . Recently, another member of Fos family, LRF-1, a gene encoding a 21 kDa leucine zipper protein, was identi®ed and described as a rapidly and highly induced gene following PH . Although the pattern of changes in these genes during regeneration after PH has been fairly well characterized, compensatory regeneration after necrosis has been studied in less detail, especially in mice. Accordingly, we have examined the steady state levels of c-fos, c-jun and LRF-1 following a necrogenic dose of CCl 4 . The steady state levels of c-fos mRNA increased within 1 ± 2 h after CCl 4 (more than 200-fold above control values) and returned to normal levels at 4 h (see Figure 1A and B). C-jun and LRF-1 mRNA expression was also strongly induced shortly after CCl 4 , reached a maximum 2 h after treatment (40-fold over control values for both LRF-1 and c-jun) and decreased thereafter ( Figure 1C , D, E and F). These results, together with those obtained in rat liver, suggest that liver regeneration after CCl 4 is associated with changes comparable with those observed following PH, except for minor variations in the timing of the peak of transcript levels.
Direct hyperplasia induced by TCPOBOP There is increasing evidence that rat liver cell proliferation can be induced by dierent signalling pathways, depending upon the nature of the proliferative stimuli (Columbano and . In particular, it has been previously shown that direct hyperplasia induced by primary mitogens may be induced in the complete or partial absence of modi®cations in the expression of immediate early genes such as c-fos, c-jun and LRF-1 (Coni et al., 1990 (Coni et al., , 1993 Ohmura et al., 1996a) . Therefore, we have determined the pattern of modi®cations of these genes during direct hyperplasia induced in mouse liver by two distinct mitogens, TCPOBOP and EDB. The results clearly show that no increase in steady state levels of c-fos occurs following treatment with both mitogens ( Figure 1A and B). This ®nding is in agreement with our previous results indicating that c-fos is not required for rat liver cell proliferation induced by cyproterone acetate and nafenopin (Coni et al., 1990) . Following these studies, additional evidence has been accumulated indicating that increased c-fos expression is not necessary for hepatocyte proliferation induced by six dierent mitogens (Coni et al., 1993; Goldsworthy et al., 1994; Ohmura et al., 1996a) . Moreover, the ®ndings that a functional c-fos gene is not required for the growth of most organs and tissues (Johnson et al., 1992) and that the proliferative activity of cultured ®broblasts is not inhibited by microinjection with anti c-fos antibodies (Kovary et al., 1991) , indicate that c-fos may not be required for the growth of many cell types. The lack of increase in the expression of c-fos by TCPOBOP was also associated with complete failure of this mitogen to induce c-jun and LRF-1 transcripts (see Figure 1C , D, E and F). On the other hand, c-jun and LRF-1 were induced by EDB 1 h after treatment. Interestingly, increased c-jun, but not c-fos mRNA levels, were observed also in rat liver after EDB treatment (Coni et al., 1990 (Coni et al., , 1993 . Expression of IGFBP-1 and PRL-1 IGFBP-1 is a kidney/liver restricted gene that is rapidly induced more than 100-fold during liver regeneration after PH with peak expression at 1 h post-hepatectomy in rats. The expression of IGFBP-1 in regenerating liver is so predominant that cDNA clones of IGFBP-1 constitutes 15% of all of the dierentially expressed clones isolated from regenerating liver in Taub's laboratory (Scearce et al., 1996) . Although its role in regenerating liver is still not clear, IGFBP-1 has been classi®ed as an immediate early gene. Similarly, PRL-1, which encodes a novel 20 kDa nuclear protein able to dephosphorylate phosphotyrosine substrates has been assumed to play an important role in controlling normal cell growth as its expression reaches very high levels in liver regeneration after PH, during development, and in rapidly growing hepatoma cells (Scearce et al., 1996) . Similarly to PH, increased steady state levels of IGFBP-1 and PRL-1 mRNA were observed shortly after CCl 4 , with a 50-(IGFBP-1) and 10 (PRL-1)-fold increase over controls at 2 h (Figure 2A , B, C and D). On the other hand, an increase of PRL-1 mRNA transcripts, but not of IGFBP-1, was observed in TCPOBOP treated mouse liver.
Expression of c-myc
The association between increased c-myc expression and liver regeneration has been fairly well established in rats and mice (Goyette et al., 1984; Makino et al., 1984; Morello et al., 1990 ). In accordance with previous studies in rats (Coni et al., 1990) , our present work demonstrated a striking increase in c-myc mRNA levels peaking at 2 h after CCl 4 treatment (16-fold over controls) ( Figure 3A and B). TCPOBOP and EDB treatments resulted in moderate enhancement of c-myc transcripts 1 h after treatment; however, the extent of increase caused by the two mitogens was fourfold lower than that seen in CCl 4 treated mice.
BrdU incorporation during direct hyperplasia induced by TCPOBOP
Our results suggest that direct hyperplasia induced by TCPOBOP, unlike compensatory regeneration following CCl 4 -induced necrosis, does not require an increased expression of several immediate early genes such as c-fos, c-jun or LRF-1. It could be argued that the lack of increased expression of these genes could be due to (i) a delay of S phase; (ii) a lack of synchrony in the cell cycle, or (iii) an insucient number of cells induced to proliferate by the mitogen. In spite of the fact that previous studies have revealed a powerful mitogenic activity of TCPOBOP, no data are presently available on the timing of S phase following a single treatment with this mitogen. Therefore, studies were undertaken to determine the onset and the extent of liver cell proliferation induced by TCPOBOP, and to compare TCPOBOP-induced DNA synthesis with that elicited by 2/3 PH. The results in Figure 4 show that while very few hepatocytes entering S phase are found in the ®rst 34 h after 2/3 PH, approximately 8% of hepatocytes are BrdU-positive at 24 h after TCPOBOP administration. BrdU positivity was virtually limited to the hepatocyte population ( Figure 5A ). The number of Figure 4 Labelling index of mouse hepatocytes following TCPOBOP and PH. Mice treated with a single dose of TCPOBOP (3 mg/kg, i.g.) (&); or subjected to 2/3 PH (*); or controls (&) were injected with a single ip injection of BrdU (100 mg/kg) 2 h before death at 12, 24, 34, or 48 h after treatment. At least 5000 hepatocyte nuclei per liver were scored. Labelling index was expressed as number of BrdU-positive hepatocyte nuclei/100 nuclei. Results are expressed as means+S.E. of 5 ± 6 mice per group c-Myc c-fos, c-jun and LRF-1 expression and priming of the hepatocytes A Columbano et al hepatocytes in S phase was still elevated at 34 and 48 h (10% and 8%, respectively), and was associated with an increased mitotic activity (see Figure 5B) . Thus, it appears that TCPOBOP-induced DNA synthesis occurs faster than that seen after PH and that the number of proliferating hepatocytes during the ®rst 34 h is actually higher in TCPOBOP treated mice. Based on the accelerated onset of DNA synthesis observed after TCPOBOP, we considered the possibility of an even prior expression of immmediate early genes in mice treated with TCPOBOP. To test this possibility, c-fos expression was examined at 15 and 30 min after TCPOBOP and CCl 4 treatment. The results presented in Figure 6 show that no increase of c-fos mRNA levels could be observed anytime after TCPOBOP. Similarly, no change in the expression of cmyc was detected (data not shown).
That the lack of increase in immediate early genes expression is not a function of the number of proliferating cells is also supported by the results obtained using EDB, another liver mitogen. Interestingly, EDB-induced DNA synthesis, similarly to that elicited by TCPOBOP, occurs between 24 ± 30 h and is completed within 34 h. However, EDB is a much weaker mitogen, with approximately 4% of hepatocytes entering S phase at 24 or 28 h . In spite of its lower mitogenic capacity, however, EDB, is able to strongly induce the expression of LRF-1 and IGFBP-1 and c-jun ( Figures  1C, 2A and 2C) .
Conclusions
We have shown that expression of several immediate early genes such as c-fos, c-jun and c-myc is transiently induced in mouse liver soon after treatment with a necrogenic dose of CCl 4 . We have also shown that three other newly identi®ed genes (LRF-1, IGFBP-1 and PRL-1), whose expression has been found to increase in rat liver after PH, are also induced during mouse liver regeneration following CCl 4 . The timing and the extent of increase in the expression of these genes are comparable to those seen during compensatory regeneration occurring after 2/3 PH. On the other hand, from the present study it clearly emerges that most genes involved in the triggering of compensatory regeneration do not seem to play a major role in liver cell proliferation induced by a primary mitogen such as TCPOBOP. These results, together with our previous ®ndings indicating that mitogens such as peroxisome proliferators neither induce activation of transcription factors such as AP-1, NF-kB or immediate early genes (c-fos, c-jun, LRF-1, egr-1 and c-myc) (Coni et al., 1990 (Coni et al., , 1993 Ohmura et al., 1996a; Menegazzi et al., 1996) , nor stimulate hepatic transcription of growth factors such as Hepatocyte growth factor and Transforming growth factor-a (Ohmura et al., 1996a; Shinozuka et al., 1994) , suggest that liver cell proliferation induced in the absence of cell loss/cell death may occur through dierent signal transduction pathways. While a role for nuclear receptors of the superfamily of hormone steroid receptors may be invoked for peroxisome proliferators and other mitogens such as triiodothyronine (Short et al., 1972; Francavilla et al., 1994) and retinoic acid (Ohmura et al., 1996b) , no satisfactory explanation for the induction of transition G 0 /G 1 by TCPOBOP can be proposed at the moment. However, in view of the association between the mitogenic and carcinogenic eect of TCPOBOP in mouse liver, more in depth studies might help to clarify the molecular basis of its action and, in particular, the possible existence of speci®c receptor(s) modulating both hyperplastic and tumorigenic eects of this chemical.
Materials and methods
Animals
Female CD-1 mice (Charles River, Milano, Italy) 10 weeksold were used. Compensatory regeneration was induced by performing 2/3 partial hepatectomy (Higgins and Ander- 
Northern blot analysis
For the extraction of RNA, at each time point, livers from three animals were pooled. Frozen livers were homogenised in 4M guanidine thiocyanate buer, layered over a 5.7 M CsCl, 25 mM NaAc cushion and centrifuged for 20 h at 31 000 r.p.m. Twenty mg of heat-denatured, total RNA per lane was loaded on a 1% agarose, 1.85 M formaldehyde/ MOPS gel and transferred to a nylon membrane (Hybond-N, Amersham) according to the manufacturer's protocol. Isolated cDNA inserts IGFBP-1, LRF-1 and PRL-1 ; C-JUN, (Lamph et al., 1988) ; C-FOS, mouse speci®c probe, nucleotide 1416 to 3098 of sequence EMBL access number V00727; C-MYC, (Stanton et al., 1984) were labelled with [a 32 P]dATP by random priming (Megaprime DNA Labelling System, Amersham). Northern Blots were hybridised at 378C overnight in 50% formamide hybridisation buer (Hybrisol, Oncor). Filters were washed for 15 min at 378C in 26SSC, 0.1% SDS, twice for 15 min at 608C in 26SSC, 0.1% SDS and once more for 15 min at 608C in 0.56SSC, 0.1% SDS. The abundance of speci®c transcripts in each lane was directly quanti®ed on the ®lters in Phosphoimager Analyser (Canberra Packard). Autoradiographs were obtained. Probes were removed from ®lter by boiling in 10 mM Tris buer pH 7.2, 0.1% SDS and 0.16SSC for 10 min; for normalisation, each ®lter was rehybridized with GAPDH glyceraldeyde-3-phosphate dehydrogenase mouse speci®c probe (nucleotide 218 to 388 of sequence EMBL access number M32599).
Determination of labelling index of hepatocytes following TCPOBOP or PH
Forty mice were subjected to 2/3 PH or were given a single dose of TCPOBOP. Ten, 22, 32 and 46 h later, all mice received a single intraperitoneal dose of BrdU (100 mg/kg, dissolved in distilled water, Sigma Chem. Co., St Louis, MO) and were sacri®ced 2 h after BrdU administration. BrdU incorporation into nuclei was determined immunohistochemically by the avidin-biotin-peroxidase complex (ABC) method using a mouse anti-BrdU monoclonal antibody (Becton Dickinson Immunocytometry Systems, San JoseÁ , CA) and Vectastain ABC kit (PK-4002, Vector Laboratories Inc., Burlingame, CA). In brief, tissue sections ®xed in 10% formalin were embedded in paran, deparanized, exposed to 0.3% hydrogen peroxide in ethanol for 10 min to block endogenous peroxidase, treated with 2N HCl, incubated with trypsin 0.1% for 20 min and then with normal horse serum for 20 min at room temperature. The sections were then incubated for 2 h with an anti-BrdU monoclonal antibody, followed by biotinylated horse anti-mouse IgG and avidin-biotin peroxidase complex. The sites of peroxidase binding were detected with diaminobenzidine (Graham and Karnovski, 1966) , and the sections were counterstained with hematoxylin. A segment of duodenum, an organ with a high rate of cell proliferation, was included for each mouse to con®rm delivery of the DNA precursor. At least 5000 hepatocyte nuclei per mouse were scored. 
